[1] A newly developed method, the Ensemble Empirical Mode Decomposition, was applied to adaptively determine the timing of climatic spring onset from the daily temperature records at Stockholm during 1756 -2000. Secular variations of spring onset and its relationships to the North Atlantic Oscillation (NAO) and to the temperature variability were analyzed. A clear turning point of secular trend in spring onset around 1884/1885, from delaying to advancing, was found. The delaying trend of spring onset (6.9 days/century) during 1757 -1884 and the advancing one (À7 days/century) during 1885 -1999 were both significant. The winter NAO indices were found to be correlated with the spring onset at Stockholm at an interannual timescale only for some decades, but unable to explain the change of the long-term trends. The secular change from cooling to warming around the 1880s, especially in terms of spring temperature, might have led to the secular change of spring onset.
Introduction
[2] Variation in the length of growing season is a sensitive indicator of climate change and could affect crop production, ecosystems, and carbon cycle. Many studies have reported an extended growing season [e.g., Sparks and Menzel, 2002; Linderholm, 2006; Christidis et al., 2007; Linderholm et al., 2008] , mainly caused by earlier onset of spring [e.g., Menzel and Fabian, 1999; Ahas et al., 2002; Christidis et al., 2007] .
[3] Many studies have shown good correlation between the spring phenologies and air temperature [e.g., Menzel and Fabian, 1999; Fitter and Fitter, 2002; Sparks and Menzel, 2002] . Menzel [2003] and McCarty [2001] further argued that the global warming had led to the earlier onset of spring. In the meanwhile, other studies found strong connections between variability of spring onset (SO) and large-scale atmospheric circulation, especially the North Atlantic Oscillation (NAO), suggesting an alternative explanation for the change of SO [D'Odorico et al., 2002; Stenseth et al., 2002; Scheifinger et al., 2002; Menzel, 2003; Jaagus et al., 2003; Aasa et al., 2004; Paluš et al., 2005; Linderholm, 2006] . The NAO is one of the most prominent circulation patterns in the Northern Hemisphere in winter. In the northern Atlantic region, a significant proportion of inter-annual climate variability is attributable to the dynamics of the NAO, especially in winter and early spring [Rogers, 1990] . However, both the phenological and climatic data used in many of previous studies were short and started around the 1950s (e.g., 1951 (e.g., -1998 (e.g., from Scheifinger et al. [2002 1951 -2000 from Menzel [2003 1946 -1995 from Jaagus et al. [2003 1951 -1998 from Aasa et al. [2004 ). These time series have shown that the most pronounced changes in SO occurred in the last 30 years of the 20 th century, when the NAO reached an unprecedented strong positive phase [Hurrell, 1995] . The limitation of the data length had left shadow on the causes of the earlier onset of recent spring.
[4] Another noticeable deficiency in many previous studies is the use of linear trends over the whole data span, e.g., Linderholm et al. [2008] used the regression method to obtain the trend and suggested that there was no significant trend of SO at Stockholm for the time period of 1756 -2003. Such linear trends implicitly assume the trend to have a timescale of infinity and hence have limitations in revealing the variability or trend of timescale of data length. Recently, Wu et al. [2007] suggested that for nonlinear and nonstationary time-series, such as those of climate, any intrinsic trend should be adaptively determined. They proposed a new method for extracting trend based on the Empirical Mode Decomposition (EMD) [Huang et al., 1998; Huang and Wu, 2008] and its most recent improvement, the Ensemble EMD (EEMD) [Wu and Huang, 2009] .
[5] In this study, we analyzed using the EEMD method one of the longest climate series in the world, i.e., the daily temperature records at Stockholm back to 1756 , in order to quantify secular variations of SO. We calculated 21-year-running correlation to illustrate the changing relationships between SO and the winter NAO and mean temperature.
Data and Methods
[6] The data are the observed daily mean surface air temperature (SAT) records at Stockholm (59.3°N, 18.1°E), Sweden from 1756 to 2000 . This series has been homogenized in the EU-funded IMPROVE project and has already been extensively studied [e.g., Moberg et al., 2002; Yan et al., 2002; Linderholm et al., 2008] . For convenience of the subsequent analysis, the data of February 29th of leap years were excluded, leaving 365 daily values for each year. This modification of data has little effect on the results of our analysis focusing on longterm climate variations. In order to study the relationship between the variations of SO at Stockholm and the NAO, we used two extended NAO indices. One is based on the monthly data derived from the observed sea level pressure at Gibraltar and southwestern Iceland (Reykjavik) [Jones et al., 1997] back to 1821. Since the NAO is most prominent in winter and the phenological spring onset has the highest correlation with the NAO during winter [Aasa et al., 2004] , we calculated the winter (December to February) NAO index for 1824 -1999 (dated by January) and named it as JWNAO. The other index is reconstructed based on early instrumental and documentary data for monthly NAO back to 1675 [Luterbacher et al., 1999] . Schmutz et al. [2000] compared three existing cold season NAO indices reconstructed from proxy data and found that the most reliable reconstruction back to 1675 available to date is the index composed by Luterbacher et al. [1999] . That winter NAO index for 1757 -1999 (named as LWNAO) was analyzed to study the long-term relationship between the NAO and the SO at Stockholm, especially before 1824.
[7] The onset of spring may be defined either phenologically (as summarized by Sparks and Menzel [2002] and Linderholm [2006] ) or climatologically [e.g., Jones et al., 2002; Menzel et al., 2003; Jaagus et al., 2003; Paluš et al., 2005; Christidis et al., 2007; Linderholm et al., 2008] since temperature thresholds and light availability are the main factors to initiate plant growth, especially in the high latitudes [Walther and Linderholm, 2006] . In general, the 5°C SAT threshold is widely accepted for determining climatic SO for mid-high latitude Europe [Jones et al., 2002; Jaagus et al., 2003; Walther and Linderholm, 2006; Linderholm et al., 2008] . However, the timings of climatic SO defined using different methods in previous studies differed significantly [Walther and Linderholm, 2006] . The major source of these differences comes from the multiple intersections corresponding to the 5°C threshold in raw daily SAT data that contains synoptic fluctuations. This problem could not be overcome even a 30-day running mean is applied to the raw data. In this study, the SO is defined as the date of the first appearance of 5°C in an adaptively and temporally locally determined low-frequency part of the daily SAT series containing annual cycle and longer timescale component (ALC).
[8] The ALC was isolated adaptively and temporally locally using EEMD [Wu and Huang, 2009; Huang and Wu, 2008; Wu et al., 2008] , a recently developed tool for nonlinear and non-stationary time-series analysis based on EMD [Huang et al., 1998; Huang and Wu, 2008] . EMD is an adaptive (without using a priori basis) and temporally local sparse decomposition method that decomposes any complicated data series into small number of amplitudefrequency modulated oscillatory components called intrinsic mode functions (IMFs) of different timescales. An IMF satisfies two criteria: (1) over the whole temporal domain, the number of extrema and the number of zero crossings must either equal or differ at most by one; and (2) at any data point, the mean value of the envelope defined using the local maxima and the envelope defined using the local minima is zero. EMD, together with the Hilbert Transform, gives results much sharper than most of the traditional analysis methods . The Matlab code for EMD/EEMD and a simple tutorial can be found at http:// rcada.ncu.edu.tw/research1.htm. The steps to obtain ALC by EEMD are as follows:
[9] 1. Add a white noise series, with an amplitude of 0.05 times the standard deviation of the raw daily SAT, to the daily SAT series to provide relatively uniform high frequency extrema distribution to facilitate EMD to avoid the effect of the possible intermittent noise in the original data (see Wu and Huang [2009] for more details).
[10] 2. Decompose the daily SAT series with added white noise into IMFs using EMD (detailed procedures by Huang and Wu [2008] ).
[11] 3. Repeat step 1 and step 2 for 1000 times, but each time with different realizations of white noise series of the same characteristics of noise.
[12] 4. Obtain the (ensemble) means of corresponding IMFs of the decompositions.
[13] 5. Combine the sixth to the last ensemble components obtained from step 4 as the final ALC.
[14] A piece of five years (1851 -1855) of the raw SAT data and its ALC are displayed in Figure 1a . The adaptively determined ALC fitting to the daily SAT is visually appealing and it has only one intersection with 5°C line in each spring, thus the onset date of every spring can be uniquely determined. In order to eliminate the minor influence of data end effect on our quantified results, the first and the last year ALC were excluded, leaving only the ALC for 1757 -1999 for further analysis. The EEMD method was further applied to adaptively extract the trend [Wu et al., 2007] from the derived SO series. We also calculated various 21-yearrunning correlations between SO and the NAO or surface temperature to investigate the decadal scale covariability.
Results
[15] The SO at Stockholm exhibits large inter-annual variability during 1757 -1999 (Figure 1b) . The mean onset date is at the 114th day (24 April) and most of the onset dates are between mid-April and early May. The latest onset is at the 136th day (16 May) in 1867 while the earliest onset is at the 78th day (19 March) in 1990. The overall linear trend for 1757 -1999 is not statistically significant (À1.6 days/century), which is in agreement with the result of Linderholm et al. [2008] . However, the adaptive trend obtained using the EEMD method shows a clear secular change from delaying to advancing with the turning point around 1884/1885. To further illustrate this secular change, we calculated separately the linear trends for 1757 -1884 and 1885 -1999. Both linear trends are significant under Mann-Kendall's test (p < 0.01). The linear trend is 6.9 days/ century for 1757-1884 and À7 days/century for 1885-1999. It is evident in Figure 1b that the trend extracted by the EEMD method fits the data better than an overall linear trend. This result shows the advantage of the EEMD over the linear regression for trend analysis. To compare with the previous findings, we also calculated the linear trend for 1901-1999, which shows a change of À8.07 days/century (significant at p < 0.01), indicating SO being about 8-day earlier for 1990s than for 1900s. This result is consistent with the result of Linderholm et al. [2008] , who found a 6.2-day-earlier SO through 1901 -2000.
[16] Since the temperature series at Stockholm could contain a positive bias of about 0.5-0.8°C on average in the summer before 1859 [Moberg et al., 2003] , the effect of such bias on our estimation of SO is investigated through the analysis of a synthetic daily SAT data that takes into account of it. The synthetic data is defined as the difference between the original data and an intermittent time series with a normal distribution f(t) = a Á N(t À t 0 , s), where a = 0.9, t 0 = 142, and s = 80, starting from every March 1st before 1859. This synthetic time series corresponds to a scenario in which the possible 0.8°C mean bias of summer temperature is modified. The result, which is also displayed in Figure 1 , shows that such bias only has minor effect on the trend estimation of SO. The linear trend of the synthetic data for 1757 -1884 is 5.8 days/century (significant at p < 0.01 under Mann-Kendall's test), which is slightly smaller than the original one (6.9 days/century). When the modification of data starts from April 1st, it has almost no effect on the estimation of SO.
[17] Many previous studies concluded a strong connection between NAO phase and earlier onset of spring in the second half of the 20th century. Here, we reexamined the multi-decadal variations of the NAO back to as early as the existing data to see whether the secular change from delaying to advancing of the SO could be caused by secular changes in the NAO. Both the instrumental index by Jones and the proxy data by Luterbacher were analyzed. For JWNAO (Figure 2a) , its multi-decadal component extracted using EEMD method does not show an obvious trend for 1824-1920s but a deceasing trend for 1920s-1960s followed by an increasing trend since then. Although there is a statistically significant correlation with a coefficient of À0.24 for overall period of 1824-1999 (significant at p < 0.01) between JWNAO and SO, the 21-year-running correlation (Figure 2d) shows that it is significant (at 0.05 level) only around the 1900s, from the 1930s to the early 1950s, and from the late 1960s to the 1980s. If the significance level is raised to 0.01, the running correlation is significant only for the 1970s-1980s. These results suggest that the winter NAO might be relevant only on inter-annual timescale for some particular decades. When a similar analysis is carried out for LWNAO (Figure 2b) , the corresponding multi-decadal component shows increasing phases during 1757 -1860s, 1880s -1910s and since the 1940s, and decreasing ones during the 1860s -1880s and 1910s -1940s. The discrepancy between the results obtained from JWNAO and LWNAO may be reasonable due to the two indices being defined differently. (The JWNAO index is based on station records from Gibraltar and Reykjavik and the LWNAO is the difference of the average sea level pressure at four 5 longitude Â 5 latitude grid-points between the Azores and Iceland.) The running correlation between the LWNAO and the SO index is weaker (Figure 2d ), significant at 0.05 level only for the 1770s -1790s, 1870s -1890s and 1970s -1980s, while both NAO indices show significant correlation with SO during the 1970s -1980s.
[18] Nevertheless, neither of the NAO indices could explain the secular change from delaying to advancing of the SO. To check the relevancy of temperature change, we calculated the multi-decadal trend of the annual mean temperatures at Stockholm using EEMD method (Figure 2c) . The result shows a clear change of secular trend from cooling to warming, with a turning point around the early 1880s. The 21-year-running correlation between the annual mean temperature and the SO is significant at 0.01 level almost throughout the whole period except for a short period in the 1840s (Figure 2d ). The running correlation between the spring (March to May) temperature and the SO are significant throughout the data span (Figure 2d ). These results suggested the change of trend in temperature (especially in spring) from cooling to warming might have led to the change of SO from delaying to advancing around the 1880s.
[19] It should be noted here that the revealed relation of the secular change of SO and NAO is not sensitive to the definition of NAO index, although SO may have some tie to spring time NAO on decadal and shorter timescale (detailed results not shown).
Summary and Discussions
[20] In this study, a clear turning point of secular trend in spring onset at Stockholm around 1884/1885, from delaying to advancing, during 1756 -2000 was found. The delaying trend of spring onset (6.9 days/century) during 1757 -1884 and the advancing one (À7 days/century) during 1885 -1999 were both significant.
[21] Many previous studies found that phenological and climatic SO are connected to the NAO, especially during the second half of 20th century. According to our analysis, such connection is robust at inter-annual timescale only for some decades. The secular change of the SO can hardly be explained by that of the NAO. The second half of the 20 th century was a period when the two time series appeared to correlate well on decadal timescale. However, the unusual strong positive NAO might also be related to prominent global warming in the recent decades [Osborn et al., 1998 ]. Another factor not considered in this paper but may have effect on our results is the shift of NAO activity centers and the change of NAO spatial structure in the globally warming environment [Ulbrich and Christoph, 1999; Hu and Wu, 2004] . It requires further studies to separate the effects of NAO change and of global warming.
[22] Finally, our analysis clearly illustrated a turning point from cooling to warming, especially for spring, around the 1880s, which might have led to the change of secular trend of SO. Many studies argued that the significant warming of the spring temperature might be a signal of anthropogenic climate forcing in the last century [Jones and Briffa, 1992; Moberg and Bergström, 1997] . Since the turning point from delaying to advancing of SO occurred around the 1880s, coinciding with an early stage of the industrialization, it remained interesting to study whether they were closely related.
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